We report on the development of a collection mode near-field probe for the terahertz spectral range. The near-field detector is based on an aperture type probe with dimensions of 30ϫ30 m 2 . The collection mode technique provides higher sensitivity and higher resolution than the similar illumination mode approach. Spatial resolution better than 40 m is demonstrated for a broad spectrum of 300-600 m, which equals to /15 for the longest wavelength. The observed resolution is determined by the size of the probe aperture.
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The resolution of conventional imaging techniques is limited by diffraction, and features smaller than half the wavelength of the employed radiation can hardly be distinguished. In the far-infrared region, where the wavelength is long ͑a few hundred microns͒, other methods, such as nearfield microscopy, 1 need to be applied to achieve resolution significantly better than the wavelength. Earlier studies of imaging with terahertz ͑THz͒ pulses [2] [3] [4] [5] showed that spatial resolution of 50-60 m can be achieved. In those studies, a radiation confining structure, such as a subwavelength aperture 2, 4 or a tapered metallic waveguide, 3 locally illuminated the object. The main limitation of this method is low transmission through the aperture, [6] [7] [8] as most of the radiation is reflected at the aperture plane. As the aperture size, d, is reduced, the transmitted fraction of the electric field measured in the far zone decreases as (d  3 ) . 9 This results in low sensitivity and, hence, limits the spatial resolution. Recently, a slit-type illumination probe was demonstrated. 10 This technique increases the transmission efficiency, but requires postscan image reconstruction.
In this letter, we report on a collection mode near-field detector based on a low temperature ͑LT͒ grown GaAs photoconducting antenna. Using an aperture-type probe 4 in the collection mode rather than in the illumination mode can lead to a higher sensitivity and higher resolution. The detector is designed to measure locally the electric field of a THz pulse transmitted through an object. To improve the collection mode technique sensitivity, we designed the probe to detect the evanescent THz field that exists behind an illuminated subwavelength aperture. As the distance from the aperture increases, the evanescent field decays rapidly, but it is relatively high in the close proximity of the aperture. [6] [7] [8] We integrated the aperture-type probe and the photoconducting antenna so that the antenna dipole is located in the near-field region of the aperture. A schematic diagram of the near-field detector is presented in Fig. 1 .
The photoconducting antenna is fabricated on LT GaAs and transferred to a sapphire substrate. 11 Most of the GaAs substrate is removed by polishing, except for a thin layer ͑ϳ100 m͒ on which the aperture is fabricated. The thickness of the GaAs layer defines the separation between the aperture and the antenna dipole. A high refractive index GaAs cone is etched on the GaAs surface directly above the dipole to improve coupling through the aperture. 4 A 600-nmthick gold film is deposited on the surface, except for the cone area, to form the aperture. The gold film thickness is sufficient to screen the antenna from the undiffracted wave, since the electric field attenuation through the gold layer is about 10 Ϫ4 . In this work, two near-field detectors with square shaped apertures of 50ϫ50 m 2 and 30ϫ30 m 2 , located ϳ100 m away from the dipole of the photoconducting antenna, were fabricated and tested. The experimental setup implements the time domain spectroscopy technique. 12, 13 As a radiation source, we used THz pulses with a center frequency of 0.6 THz generated by a separate LT GaAs photoconducting an- tenna. An object is placed at the focus of the THz beam, where the spot size is ϳ2 mm. The near-field detector is located behind the object at a distance of 10-15 m, and the transmitted electric field couples into the detector. Scanning the object in the plane perpendicular to the optical axis forms near-field image. In general, a plane wave incident on the aperture produces longitudinal and transverse fields immediately behind the aperture. The antenna dipole orientation allows the measurement of the transverse electric field in the direction of the original polarization along the normal axis going through the center of the aperture. The electric field time domain wave forms, measured by the collection mode detector with aperture sizes ͑definition in Fig. 1͒ dϭ30 m and dϭ50 m, are shown in Fig. 2͑a͒ . The measurements are obtained without any object in the path, and are averaged over three consecutive time domain scans. The wave forms exhibit pulse reshaping from a single cycle form of the original pulse ͓inset in Fig. 2͑a͔͒ to two complete cycles. The corresponding normalized frequency domain spectra are shown in Fig. 2͑b͒ . The low frequency parts of the spectra are strongly attenuated as the THz pulse passes through the aperture. This results in the blueshift of the spectra. To estimate the reduction in the probe sensitivity as the aperture gets smaller, we measured the electric field of the pulse using a similar detector without the aperture and the cone. The pulse peak amplitude reduces by ϳ12 times for the 50ϫ50 m 2 probe and by ϳ35 times for the 30ϫ30 m 2 probe. The spatial resolution of the detector is estimated by scanning a metallic film edge across the probe. For this purpose, a 300-nm-thick gold film was deposited on a semiinsulating GaAs substrate. THz time domain spectra are measured for different positions of the film edge with respect to the 30ϫ30 m 2 probe. The object to aperture separation is ϳ10 m ͑defined by the taper height͒. The polarization of the incident radiation is parallel to the scanned edge. Figure  3͑a͒ presents a two-dimensional mapping of the THz time domain wave forms measured every 5 m along the scan across the edge. The pulse intensity decreases as the opaque metallic film blocks more of the aperture ͓positive positions in Fig. 3͑a͔͒ . When the metallic film blocks the probe completely we measured a residual weak signal, which is shifted in time by approximately 0.6 ps. The nature of this signal still needs to be analyzed.
Three different criteria are used to determine the collection mode probe resolution. The first ͓dots in Fig. 3͑b͔͒ is the THz electric field strength at a fixed time delay of tϭ0 ps. The residual signal ͑at positive positions of the metallic edge͒ yields a negative value of electric field at the zero time delay. To avoid this artifact, the electric field can be also measured at an earlier time tϭϪ0.6 ps. At this time delay the electric field intensity wave form exhibits a distinctive negative swing, which is not affected by the residual signal. Sampling the electric field at this time delay results in a spatial resolution of ϳ40 m ͓triangles in Fig. 3͑b͔͒ . It must be mentioned that the signal-to-noise ratio is smaller, compared to the method employing the main peak of the pulse. A spatial resolution of 39 m is measured using the 10%-90% criterion for the optical power of the detected pulse. The power is calculated by integrating the square of the wave form over time. The edge profile is given by the squares in Fig. 3͑b͒ . The results indicate that the resolution is solely determined by the aperture size. This is the best resolution achieved to date with THz pulses. Similar experiments are also carried out using 50ϫ50 m 2 probe, and the 10%-90% By applying the Fourier transform to the time domain wave forms, measured every 5 m while scanning the edge across the probe, a specific frequency amplitude as a function of position can be extracted. The Fourier components of the detected pulse with amplitudes higher than five times the noise level span a wide range of frequencies, from 0.5 to 1.0 THz ͑300-600 m͒. Assuming 40 m spatial resolution for all the wavelengths in this range, the result corresponds to a resolution as high as /15 for the longest .
To demonstrate the 30ϫ30 m 2 aperture probe capabilities, we imaged a metallic pattern ͑thickness of 300 nm͒, which was deposited on a dielectric substrate ͓Fig. 4͑a͔͒. A two-dimensional scan ͑using the THz electric field at tϭ0 ps as the signal͒ is shown in Fig. 4͑b͒ . All the pattern features are resolvable: ͑1͒ the 40 m gap between the two opaque 500ϫ500 m 2 squares; and ͑2͒ the two 10 m wide striplines ͑the 40 m gap between them is very faint͒. A possible reason for the difference in the contrast at various parts of the image might be angular misalignment of the object, which results in a distance variation between the object and the probe during the scan. The resolution of the image is different in the vertical and horizontal directions, depending on the orientation of the metallic film edge with respect to the wave polarization. We did not observe a diffraction effect at the edge, as reported by Brener et al. 2 In conclusion, we developed and tested a collection mode near-field probe for THz time domain measurements. The technique does not suffer from coupling losses as much as the similar illumination mode approach, and a spatial resolution of 40 m with a 30ϫ30 m 2 probe is achieved. Monochromatic images can be constructed using this technique with a resolution as high as /15 ͑for the radiation wavelength in vacuum ϭ600 m͒.
In future studies, we plan to address the question of the resolution limit using the collection mode technique. A higher sensitivity is expected if the dipole antenna is placed closer to the aperture ͑where the evanescent field is stronger͒. Eventually, the resolution can be improved by decreasing the aperture size.
The authors thank M. Lee for useful discussions. FIG. 4 . ͑a͒ A diagram of the metallic pattern of the pads and the striplines on GaAs substrate. ͑b͒ A near-field image of the pattern in ͑a͒, constructed using the 30ϫ30 m 2 aperture probe. The gray level indicates the electric field intensity at time delay tϭ0 ps.
